Ghrelin is a novel gastrointestinal hormone produced by rat and human gastric X-like neuroendocrine cells, which strongly stimulates GH secretion and influences energy balance, gastric motility, and acid secretion. Ghrelin is expressed in pituitary and gastrointestinal endocrine tumors. It binds to the GH secretagogue receptor (GHS-R), which is present in a wide variety of central and peripheral human tissues. The aim of the present study was 2-fold: 1) to determine, by immunohistochemistry and mRNA analysis, whether pancreatic islet cells produce ghrelin and express GHS-R; and 2) to investigate ghrelin and GHS-R expression in pancreatic endocrine tumors. Seven cases of nonneoplastic pancreatic tissue and 28 endocrine tumors were studied. In pancreatic islets, ghrelin immunoreactivity was present in all cases and confined to ␤-cells. Eleven of the 28 (39%) endocrine tumors were immunoreactive for ghrelin. In situ hybridization and RT-PCR confirmed the immunohistochemical data for both tumors and islets but also revealed ghrelin mRNA in 8 and 11 additional tumors, respectively. GHS-R 1a and 1b mRNAs were present in 7 of 28 and 14 of 28 tumors, respectively, studied by RT-PCR. These findings demonstrate that ghrelin production is not restricted to the stomach but is also present in pancreatic ␤-cells and endocrine tumors (regardless of the type of pancreatic hormone produced, if any). Expression of GHS-R in some of the endocrine tumors studied indicates that autocrine/paracrine circuits may be active in neoplastic conditions. (J Clin Endocrinol Metab 87: 1300 -1308, 2002) G HRELIN IS A 28-amino acid acylated peptide that has recently been discovered in human and rat stomach (1-3). It is produced by approximately 20% of the neuroendocrine cell population of rat and human oxyntic glands, by cells other than ECL, EC, or D cells. Although partially contradictory data have been published, the candidate ghrelin producing cell type is the X/A-like cell, also referred to as the X-like cell (2, 4). Ghrelin has no relevant homology with the majority of biologically active peptides (1), with the notable exceptions of motilin and another novel gastric peptide known as the motilin-related peptide (5-7). Ghrelin strongly stimulates the release of GH (8 -11) and is a natural ligand of the GH secretagogue receptor (GHS-R), which is specific for a family of synthetic, peptidyl, and nonpeptidyl GH secretagogues (1, 9, 12-16). Tissue distribution analysis reveals GHS-R expression in rat anterior pituitary and brain in both hypothalamic and nonhypothalamic regions, such as the dentate gyrus of hippocampal formation, the pars compacta of the substantia nigra, the ventral tegmental area, the dorsal and medial raphe nuclei, and the Edinger-Westphal nucleus (13). In parallel, ghrelin and synthetic GHS also recognize binding sites in human pituitary, hypothalamus, hippocampus, cerebral cortex, pons-medulla, and choroid plexuses, as well as in various peripheral, endocrine, and nonendocrine tissues, both in normal and neoplastic conditions (17-21).
G
HRELIN IS A 28-amino acid acylated peptide that has recently been discovered in human and rat stomach (1) (2) (3) . It is produced by approximately 20% of the neuroendocrine cell population of rat and human oxyntic glands, by cells other than ECL, EC, or D cells. Although partially contradictory data have been published, the candidate ghrelin producing cell type is the X/A-like cell, also referred to as the X-like cell (2, 4) . Ghrelin has no relevant homology with the majority of biologically active peptides (1) , with the notable exceptions of motilin and another novel gastric peptide known as the motilin-related peptide (5) (6) (7) . Ghrelin strongly stimulates the release of GH (8 -11) and is a natural ligand of the GH secretagogue receptor (GHS-R), which is specific for a family of synthetic, peptidyl, and nonpeptidyl GH secretagogues (1, 9, (12) (13) (14) (15) (16) . Tissue distribution analysis reveals GHS-R expression in rat anterior pituitary and brain in both hypothalamic and nonhypothalamic regions, such as the dentate gyrus of hippocampal formation, the pars compacta of the substantia nigra, the ventral tegmental area, the dorsal and medial raphe nuclei, and the Edinger-Westphal nucleus (13) . In parallel, ghrelin and synthetic GHS also recognize binding sites in human pituitary, hypothalamus, hippocampus, cerebral cortex, pons-medulla, and choroid plexuses, as well as in various peripheral, endocrine, and nonendocrine tissues, both in normal and neoplastic conditions (17) (18) (19) (20) (21) .
Actually, the functions of this new hormone are not specifically related to GH secretion. Besides potent GH-releasing activity (1, 10, 11, 22) , ghrelin also has stimulatory effects on lactotroph and corticotroph secretion, stimulates food intake and modulates energy expenditure, stimulates gastric motility and acid secretion, exerts cardiovascular activity, and even displays antiproliferative effects in neoplastic cells (8, 11, 21, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . In particular, in addition to its cholinergicmediated stimulatory effect on gastric contractility and acid secretion in rats (37, 38) , ghrelin has a role in managing not only the GH but also the metabolic response to starvation by modulating insulin secretion and glucose metabolism (26, 27, 39, 40) . This evidence supports the hypothesis that ghrelin is a newly discovered gastric hormone with a major role in endocrine regulation.
Although ghrelin has been isolated and purified from the rat and human oxyntic mucosa of the stomach, it is also produced in other tissues, including the small intestine (but not the colon or rectum) (2) , the arcuate nucleus of the hypothalamus (1), the kidney (41) , and the placenta (42) . In addition, ghrelin expression has recently been described in pituitary adenomas and other neuroendocrine tumors, namely one thymic and five pancreatic endocrine tumors (43, 44) . Gastric and, to a lesser extent, intestinal carcinoids also express ghrelin (45) . While studying the ghrelin expression in these latter tumors, we observed a strong ghrelin immunoreactivity in pancreatic islets adjacent to samples of duodenal carcinoids. This prompted extensive investigation of normal pancreatic islets for the expression of ghrelin and of its receptor, the GHS-R, using immunohistochemistry (IHC), RT-PCR, and in situ hybridization (ISH). In addition, the second part of our study included the analysis of ghrelin and GHS-R expression in pancreatic endocrine tumors. Herein, we show that ghrelin production in the pancreatic islets is apparently restricted to insulin-producing ␤-cells. Conversely, some endocrine tumors express ghrelin and its receptor, the GHS-R, regardless of the type of pancreatic hormone produced.
Materials and Methods

Normal pancreas and tumors
Nontumoral pancreatic tissue was collected from the surgical pathology file of the University of Turin. Three samples had been diagnosed as chronic pancreatitis, and 4 other samples were from unaffected pancreatic parenchyma resected in the course of abdominal surgery for biliary, duodenal, or splenic diseases. Twenty-eight pancreatic endocrine tumors, for which both fresh frozen tissue and paraffin blocks were available, were collected from the University of Turin pathology files from 1990 to 2000. Storage time affected neither RNA preservation nor immunoreactivity. All cases were reviewed, histologically confirmed by positive chromogranin A and pancreatic hormone(s) immunostaining, and classified according to the World Health Organization classification of endocrine tumors (46) . According to the hormonal profile, 19 functioning tumors (15 insulinomas, and 1 case each of glucagonoma, gastrinoma, vasoactive intestinal peptide (VIP)oma, and pancreatic polypeptide (PP)-producing tumor) and 9 nonfunctioning endocrine tumors were included. In addition, 4 cases of pancreatic adenocarcinoma served as controls. The study was approved by the Ethical Committee of the University of Turin.
IHC
Ghrelin immunostaining was performed on formalin-fixed and paraffin-embedded tissues, using poly-l-lysin-coated slides. The primary antibody was a polyclonal serum antihuman ghrelin (amino acids 13-28) (Phoenix Pharmaceuticals, Inc., Belmont, CA), diluted 1:15,000, and incubated for 1 h at room temperature (rt). A standard manual immunoperoxidase procedure was used, with no antigen retrieval procedure. The reaction product was revealed using a tyramide-based amplification system. Briefly, the primary antibody and the secondary biotinylated antibody steps, and incubation with the streptavidin-peroxidase kit (DAKO Corp., Glostrup, Denmark), were followed by further amplification with biotinylated-tyramide (GenPoint, DAKO Corp., diluted 1:5). The subsequent washing step was performed in hot PBS (at 95 C) to reduce the background and increase sensitivity, as described by Volante et al. (47) . Diaminobenzidine was used as chromogen, followed by a weak nuclear counterstain with hematoxylin. Control experiments included the immunoperoxidase reaction in serial sections by either omitting the primary antibody or using the primary antibody preabsorbed with 100-fold excess of full-length (1-28) ghrelin (Europeptides). Nontumoral oxyntic mucosa of the stomach served as the positive control. Only scattered endocrine cells showed strong cytoplasmic staining using either the overdiluted antibody (1:15,000) followed by tyramide amplification or using more concentrated antibody (1:200) followed by standard streptavidin incubation. In both experimental conditions, no crossreactivities were observed in the gastric mucosa control tissues. The antibody was raised using a C-terminal sequence of human ghrelin (amino acids 13-28), which does not encompass the Serine residue in position 3. It thus recognizes both the acylated and the desacylated form of ghrelin.
All cases were stained in parallel sections (and, in some cases, in the same section) with the following pancreatic hormones: glucagon (BioGenex Laboratories, Inc. San Ramon, CA, diluted 1:5), insulin (DAKO Corp., diluted 1:400), gastrin (BioGenex Laboratories, Inc., diluted 1:50), and somatostatin (Serotec, Oxford, UK, diluted 1:3000). Double stains were performed in sequence, first revealing ghrelin with biotinylated secondary antibody and peroxidase-conjugated streptavidin. Diaminobenzidine was used as the final reaction product, and the latter was further stained black with nickel salt precipitation. Subsequently, single pancreatic hormones were detected by the immunoalkaline phosphatase method and revealed in red. Selected cases were also stained with a double immunofluorescence procedure using the same polyclonal antibody to ghrelin and a monoclonal antibody to insulin (BioGenex Laboratories, Inc. clone HB125, diluted 1:50). This procedure relied on rhodamine-labeled secondary antirabbit antibody to reveal ghrelin immune complexes and fluorescein-labeled antimouse secondary antibody to reveal insulin-producing cells.
ISH
All cases (pancreatic islets and endocrine tumors) were studied in parallel sections using a nonradioactive ISH procedure. Two 45-nucleotide antisense probes (1), corresponding to positions 90 -134 and 421-465 of pre-pro-ghrelin sequence, were synthesized and digoxigeninlabeled with the Boehringer Ingelheim GmbH (Mannheim, Germany) labeling kit, following the manufacturer's instructions. The equimolar mixture of the two probes was applied overnight at a working dilution of 33 nm for each probe per slide. Prehybridization treatments included a microwave passage (5 min at 800 W in citrate buffer, pH 6.0) and proteinase K digestion (1 g/ml) for 4 min. The hybrids were revealed with the GenPoint kit (DAKO Corp.), as described elsewhere (48), with minor modifications, including 1:5 dilution of the tyramide kit solution and washings at a high temperature after the tyramide incubation step (47) . Nontumoral oxyntic mucosa of the stomach served as the positive control. Negative controls included ISH reactions of serial sections with an unrelated probe or without any probe, as well as ribonuclease (RNase) digestion before hybridization.
RT-PCR for ghrelin and GHS-receptor
In five nontumoral pancreases and in all pancreatic endocrine tumors, RT-PCR was performed to reveal mRNA of both ghrelin and its receptor. Total RNA extraction and complementary DNA transcription were performed as described elsewhere (48) . PCR for ghrelin and for GHS-R was performed following the procedure described by Gualillo et al. (42) for ghrelin mRNA amplification. The primers for ghrelin were synthesized according to the sequence reported by Gualillo et al. (42) , and the sequences were 5Ј-TGAGCCCTGAACACCAGAGAG-3Ј for the forward and 5Ј-AAAGCCAGATGAGCGCTTCTA-3Ј for the reverse primer, respectively. Those for GHS-receptor Ia and Ib were synthesized according to Korbonits et al. (43) and employed for RT-PCR using the same conditions described by these authors. The following sequences were used: 5Ј-TCGTGGGTGCCTCGCT-3Ј as the forward primer for both GHS-R 1a and GHS-R 1b, 5Ј-CACCACTACAGCCAGCATTTTC-3Ј for the GHS-R 1a reverse primer, and 5Ј-GCTGAGACCCACCCAGCA-3Ј for the GHS-R 1b reverse primer. The expected size of the amplicons was 327 bp, 65 bp, and 66 bp for ghrelin, GHS-R 1a, and GHS-R 1b, respectively; ␤2-microglobulin amplification served as a control of the RNA quality (see details in Ref. 48) .
To confirm the data obtained by means of IHC and ISH on the expression of ghrelin in the endocrine and exocrine component of the normal pancreas, laser-based microdissection was employed. Islet cells and acinar cells from two cases of frozen nontumoral pancreatic specimens were isolated by means of a laser microdissection device (Olympus Corp./Cell Robotics, Albuquerque, NM) and then underwent RT-PCR analysis, following the protocols previously described by Kuecker et al. (49) .
To further test the RT-PCR product specificity, Southern blot analysis (SBA) was performed using the probe sequences previously published by Korbonits et al. (43) . Membranes were hybridized overnight at 42 C with 25 pmol digoxigenin-labeled ghrelin and GHS-R oligonucleotide probes. The membranes were then washed with 2ϫ SSC-0.1% SDS for 10 min at rt and 0.5ϫ SSC-0.1% SDS at 42 C for 30 min. Digoxigeninlabeled specific hybridization was visualized using an immunological detection system (Roche Molecular Biochemicals, Mannheim, Germany) employing antidigoxigenin antibodies conjugated with alkaline phosphatase. Detection was performed using the chemiluminescent substrate disodium 3-(4-methxyspiro; 1,2-dioxetane-3,2-(5-chloro) tricyclo(3.3.1.
3,7 ) decan;-4-yl) phenylphosphate (Boehringer Mannheim GmbH), according to the manufacturer's instructions. All blots were exposed to x-ray films with intensifying screens at rt for 3 h.
Nonradioactive in situ ghrelin binding assay
To verify whether GHS-R mRNA expression in endocrine tumors was paralleled by active ghrelin binding, a nonradioactive in situ binding assay was designed. Full-length ghrelin was labeled with biotin following a standard technique (50) , with minor modifications. In particular, to minimize the steric hindrance between avidin (streptavidin) and the biotinylated protein, an aminocaproyl spacer arm (a modified activated biotin, caproylamidobiotin-N-hydroxysuccinimide ester) was introduced between the biotin and the activated carboxyl group of the protein (B002-6, Società Prodotti Antibiotici SpA, Milan, Italy). Ghrelin (0.5 mg/ml) was dialyzed against 0.1 m sodium-bicarbonate buffer (pH 8.5) and subsequently incubated, for 4 h at rt under continuous slow rotation, with B002-6 dissolved in DMSO (1 mg/ml). The solution was dialyzed overnight at 4 C against PBS.
Frozen serial sections of 14 endocrine pancreatic tumors were collected onto poly-l-lysine-coated slides and stored for 1 wk at Ϫ80 C. One section was stained with hematoxylin and eosin to ascertain the presence and extent of tumor tissue. Then, the sections were thawed at 37 C for 4 min and quenched in PBS. Endogenous peroxidase activity was blocked in 6% H 2 O 2 for 8 min, and then the sections were incubated with biotinylated ghrelin at a concentration of 10 Ϫ9 m for 2 h at rt. Sections were then fixed in Ϫ20 C methanol for 5 min and in acetone for 5 sec. Bound biotinylated-ghrelin was visualized by following the streptavidin/tyramide procedure described for ghrelin IHC. Control experiments included preincubation of parallel sections with unlabeled fulllength ghrelin at a concentration of 10 Ϫ7 m for 20 min at rt, before incubation with 10 Ϫ9 labeled ghrelin, as described.
Correlations
The data on ghrelin and GHS-R expression were correlated with the clinicopathological parameters of each tumor, including age, sex, tumor size and grade, hormonal production, and presence of metastases. Statistical evaluation was performed by means of ANOVA and chi-square (Yates-corrected) tests.
Results
Ghrelin expression in pancreatic islets
In the pancreatic endocrine islets, numerous cells expressed ghrelin in the cytoplasm, as indicated by a moderate to intense staining (Fig. 1a) . The immunostaining was completely abolished by absorbing the antighrelin antibody with a 100-fold excess of full-length ghrelin. The immunohistochemical expression of ghrelin was also confirmed by ghrelin mRNA analysis. A nonradioactive ISH procedure, in fact, revealed the specific ghrelin mRNA in the same pancreatic endocrine cells (Fig. 1b) . Control experiments using an unrelated probe (Fig. 1c) or omitting the probe, or using RNase pretreatment, revealed no ISH signal. The presence of the specific ghrelin mRNA was also confirmed by RT-PCR analysis of RNA extracted from a pool of islet cells obtained by a laser-based microdissection procedure, using cryostatic sections of nontumoral pancreas. Not all endocrine cells seemed to contain ghrelin. This prompted further investigation of the cell type expressing ghrelin, by means of double immunohistochemical stains. Ghrelin was found to colocalize with insulin in ␤-cells (Fig. 1, d-e ), but not with other hormones (namely glucagon, gastrin, somatostatin, VIP, and PP). Colocalization with ghrelin was observed in the vast majority of insulin-producing cells, as shown by the virtually complete overlapping of the two fluorochromes revealing either ghrelin (red) or insulin (green) (Fig. 1f) . No apparent colocalization was seen in ␣-cells, which have a preferential peripheral distribution within the endocrine islet, or in the less represented ␦-cells.
Ghrelin expression in pancreatic endocrine tumors
As summarized in Table 1 , 11 of 28 (39%) of the pancreatic endocrine tumors were immunoreactive for ghrelin in a variable percentage of tumor cells. Immunostaining never exceeded 30% of the tumor cells (Fig. 2a) and, in some cases, was restricted to isolated cells or small clusters (Fig. 2d) . The cellular pattern of ghrelin reactivity was a finely granular cytoplasmic staining, generally weaker than that of the control oxyntic mucosa of the stomach and also than that of the normal islet cells. The latter two normal tissues had a com- FIG. 1 . Normal pancreatic islet showing a strong immunoreactivity for ghrelin in many endocrine cells (a), which is paralleled by a strong signal when ISH is performed with a specific nucleotide probe cocktail (b). A serial section stained omitting the ghrelin oligonucleotides probes is negative (c). A double immunofluorescence for insulin (green, d) and ghrelin (red, e) shows that insulin and ghrelin are colocalized in the same (␤) cells, as also confirmed by the yellow color obtained by overlapping the two fluorescence reactions (f) (a-f, ϫ400).
parable intensity of ghrelin immunostaining. No immunoreactivity was found in parallel sections stained by omitting the primary antibody or by using an antiserum preabsorbed with full-length ghrelin (Fig. 2c) .
ISH revealed ghrelin mRNA in 19 of 28 (68%) tumors (Fig.   2f ), including all but one case that also expressed ghrelin immunoreactivity and nine additional tumors that proved negative according to immunohistochemical analysis. In some cases, an overlapping percentage of ghrelin-positive tumor cells was observed using IHC and ISH in parallel Mts, Metastases; M, male; F, female; WDET, well differentiated endocrine tumor; WDEC, well differentiated endocrine carcinoma; PDEC, poorly differentiated endocrine carcinoma; Non-funct, non-functioning; LN, lymph node; NED, no evidence of disease; DOD, died of disease; DOC, died of other causes; AWD, alive with disease; PCR, RT-PCR.
FIG. 2. A well-differentiated insulinproducing endocrine tumor (a, case 26)
is strongly reactive for ghrelin immunostaining (b, right), as opposed to normal acinar structures (b, left). The reactivity is completely abolished by preabsorbing ghrelin antiserum with an excess of full-length ghrelin peptide (c). A well-differentiated nonfunctioning endocrine tumor (d, case 12) shows a focal ghrelin expression at both protein (e) and mRNA (f) levels in the same cell population, as revealed by IHC and ISH, respectively (a-f, ϫ200).
sections; whereas, in others, the cells containing ghrelin mRNA outnumbered the ghrelin immunoreactive ones. ISH omitting the specific probe, using an unrelated probe or RNase pretreatment, was constantly negative.
By RT-PCR, ghrelin mRNA was detected in 22 of 28 (79%) tumors. The PCR product had the expected size of 327 bp, and its specificity was also confirmed by SBA (Fig. 3) .
GHS-receptor expression in pancreatic islets and in endocrine tumors
RT-PCR, to reveal GHS-receptor type 1a and 1b mRNAs, was performed in the same cases tested for ghrelin and in normal pancreas. No specific mRNA was found in 5 cases of nontumoral pancreas analyzed for either GHS-R 1a or 1b, or in microdissected acinar or islet cells. Half of the endocrine tumors expressed 1 or both types of GHS-R mRNA. The amplification products had the expected length of 65 and 66 bp for GHS-R1a and 1b, respectively. Their specificity was confirmed by SBA. In particular, GHS-R 1b mRNA was found in 14 of 28 cases (50%), 7 of which also contained GHS-R 1a mRNA (25%). All the latter cases were insulinomas, whereas the other 7 receptor-positive tumors included 4 insulinomas, as well as 1 glucagonoma and 2 nonfunctioning endocrine tumors. PCR analysis of the housekeeping gene ␤2-microglobulin showed a specific band in all cases.
Control tissues
The oxyntic mucosa of human stomach served as the positive control: scattered ghrelin-positive endocrine cells were observed in the mucosal glands, as expected. In the pancreas, ghrelin immunostaining was confined to pancreatic islet cells (see above), with the acinar and ductal cells proving negative overall. Interestingly, a colocalization of ghrelin and insulin was also observed in single insulin-positive cells, scattered throughout the pancreatic duct system (Fig. 4 . Nerve fibers in the peripancreatic tissue were also focally immunoreactive, although more weakly than the endocrine cells. All four nonneuroendocrine pancreatic adenocarcinomas completely lacked ghrelin immunoreactivity.
Microdissected acinar cells (carefully obtained using a laser-based device in such a way as to avoid islets, ducts, and peripancreatic tissue) did not yield any ghrelin mRNA signal by RT-PCR.
Binding experiments
Nine of 14 endocrine tumors tested with biotinylated ghrelin revealed ghrelin binding sites. Although the tissue preservation quality of the frozen sections was suboptimal in most cases (in the lack of any fixation of the tissue), the ghrelin binding was specifically identified at the cell membrane or in a peripheral cytoplasmic location. Preincubation with an excess of unlabeled full-length ghrelin abolished the reactivity (Fig. 5) . The 5 cases lacking ghrelin binding activity also lacked GHS-R1a mRNA by RT-PCR, and only 2 of them showed GHS-R 1b expression. However, GHS-R 1a and 1b were also absent in a fraction of tumors with ghrelin binding sites, possibly indicating the existence of another receptor subtype or even of a different family of receptors.
Correlation
In endocrine tumors, ghrelin expression was observed in 39% of the cases by IHC and in 68% and 79% of the cases by ISH and RT-PCR, respectively. The number of cases proven positive by RT-PCR was slightly higher than that obtained by ISH, but double that of ghrelin immunoreactive tumors. The two procedures (protein vs. mRNA analysis) had concordant results in nearly half of all cases. The lack of complete agreement was probably attributable to the different sensitivity of the various methods and to the fact that the ghrelin gene may be transcribed but the protein not synthesized (or stored) in all cases. In two cases (nos. 20 and 27), ghrelin expression was detected by IHC and ISH but not by RT-PCR. This could be related to tumor heterogeneity, because the fragment of tumor tissue used for RNA extraction was adjacent, but not identical, to that used for immunostaining. As an alternative, the quality or amount of ghrelin mRNA may have been suboptimal, despite a sufficient ␤2-microglobulin housekeeping gene signal. FIG. 3 . SBA of RT-PCR products of ghrelin, GHS-R 1a, and GHS-R 1b in 28 endocrine pancreatic tumors (lanes 1-28; same numbers as in Table  1 ). The corresponding bp sizes were 327, 65, and 66 for ghrelin, GHS-R1a, and GHS-R1b, respectively (arrowheads). Normal liver and hypothalamus served as negative (CϪ) and positive (Cϩ) controls, respectively, for both ghrelin and GHS-R mRNA amplification.
GHS-R 1a and 1b mRNAs were found in 14 cases, 13 of which also expressed ghrelin mRNA by RT-PCR, although only 4 exhibited ghrelin immunoreactivity.
In endocrine tumors, no correlation was observed between ghrelin expression and age, sex, tumor size or grade or stage, or with the hormonal status of the cases investigated. No GHrelease related symptoms (i.e. acromegalic features and symptoms) were identified in the patients for whom this information was obtained; the blood level of ghrelin was, however, unknown in this retrospective case series. As for the cell type expressing ghrelin, a colocalization with insulin-producing ␤-cells was seen in normal pancreatic tissue; whereas, in the endocrine tumors (if functioning), no colocalization with individual pancreatic hormones was observed.
Discussion
In this study, we have demonstrated that normal pancreatic islet cells (namely, ␤-cells) and the majority of pancreatic endocrine tumors produce ghrelin, a novel gastrointestinal hormone recently isolated from the rat and human stomach (1-3) . In addition, we showed that the extent of ghrelin detection is largely dependent on the detection method used, because the amount of ghrelin (mRNA or protein) stored in the cells may be lower than the threshold of detectability of in situ localization methods (e.g. IHC or ISH). In most cases, however, highly sensitive techniques, such as RT-PCR, are able to reveal the specific mRNA.
Normal pancreas
Ghrelin was originally isolated from the rat stomach and then also found to be expressed by the arcuate hypothalamic nucleus, the small intestine, the kidney, the placenta, and the pituitary (including neoplastic conditions) (1, (41) (42) (43) (44) . In the literature, no reports that normal pancreas is a primary ghrelin production site have appeared to date. In this study, immunoreactive ghrelin was confined to pancreatic islets. In an unfixed, frozen section, the tumor cells were intensely stained with a nonradioactive in situ binding assay using biotinylated ghrelin, with a preferential cell membrane or peripheral cytoplasmic distribution (b). A peritumoral blood vessel was negative (b, left), as were the tumor cells in a parallel section incubated with biotinylated ghrelin after displacing treatments with 100-fold excess of unlabeled ghrelin (c) (a-c, ϫ1000).
Not all cells were stained, and double immunocytochemical staining revealed that ghrelin expression was restricted to insulin-producing ␤-cells. This was also the case for the rare insulin-producing cells scattered throughout the exocrine duct system of the pancreas. The significance of the colocalization of insulin and ghrelin in ␤-cells is unknown. Interestingly, we have recently shown that ghrelin has hyperglycemic effects coupled with an inhibitory effect on insulin secretion (40) . These effects of the natural ligand of GHS-R, i.e. ghrelin, are not shared by peptidyl synthetic GH secretagogues, such as hexarelin, although the molecules possess similar GH-releasing activity (40) . Evidence that peptidyl synthetic GHSs do not affect insulin and glucose levels suggests that ghrelin's modulatory effect on them is not mediated by the classical GHS-R type 1a, which, by definition, is activated by both natural and synthetic GHS.
Further insights into these interactions may derive from the analysis of GHS-R distribution. Using a radioreceptor assay, we found a limited number of ghrelin binding sites in the membranes obtained from whole pancreas, 1000-fold less than the number of sites in GHS-R rich tissues, such as the pituitary gland or the heart (19) . These findings are congruent with the negative RT-PCR data obtained when seeking GHS-R 1a and 1b mRNAs in normal pancreatic tissue. In contrast, a small (but detectable) amount of GHS-R-specific mRNA has been detected by some authors in human normal pancreatic tissue by means of RNase protection assay (51) . These results by no means exclude the presence of binding sites. In fact, RT-PCR was designed to reveal GHS-R types 1a and 1b, the only currently known ghrelin receptors; yet other receptors may exist, as implied by previous data (19, 21, 52) . Analysis of microdissected specimens may help more clearly to determine the receptor status of normal pancreatic cells. Laser-based microdissection makes single cell preparations possible and is optimal for pure islet cell component separation. RT-PCR analysis of GHS-R, using dissected specimens, corroborated the data obtained on whole pancreatic tissue, indicating that the specific mRNA is absent in both the endocrine and the acinar cell components.
Endocrine tumors
In a fraction of the pancreatic endocrine tumors, either the ligand, ghrelin, or its receptor, GHS-R, were expressed. The exact percentage of ghrelin-producing endocrine tumors of the pancreas is hard to assess, because it is largely influenced by the method used to reveal it. Immunoreactive ghrelin is focally present in approximately one third of the cases, although the specific mRNA is present in up to 79% of the cases when ISH or the highly sensitive RT-PCR techniques are employed. The fact that some cases or some tumor areas showed ghrelin mRNA, but no detectable peptide, may be related to a translational deficit or to limited storage of the protein within the cell. The latter is a relatively common event in endocrine tumors, especially in poorly differentiated ones (e.g. chromogranin A content in small cell lung carcinoma) (53) . The significance of ghrelin production or even of mRNA transcription is not known; and, in the absence of any correlation with clinicopathological parameters, no definite conclusion can be drawn from these data.
The 11 ghrelin-immunoreactive cases (i.e. those with a fair amount of hormone stored in the cytoplasm) included 6 insulinomas, 3 nonfunctioning tumors, 1 gastrinoma, and one vipoma. In all these cases, the corresponding mRNA was detected either by ISH or RT-PCR or by both methods. In the tumors studied, there was therefore no preferential association of ghrelin expression with any given hormone type. Moreover, no statistical correlation (see Materials and Methods) with age, sex, tumor size, tumor grade, presence of metastases, or clinical outcome was observed. Four of 10 cases having lymph node or liver metastases at diagnosis were ghrelin-positive. The same pattern of ghrelin immunoreactivity was also found in the corresponding metastatic tissues (when available for immunostaining) of these cases.
The clinical impact of chronic ghrelin hypersecretion is still unknown. Precise clinical and biochemical monitoring of hormonal parameters in patients bearing ghrelin-positive pancreatic tumors will be necessary to demonstrate the potential existence of functioning, ghrelin-producing, pancreatic endocrine tumors. In this context, it must be emphasized that the antibody and probes employed in this study recognize both octanoylated and desoctanoylated forms of ghrelin (54) and are unable to distinguish between tissues producing acylated and nonacylated forms. This is another critical point, because desoctanoyl ghrelin, though inactive in terms of GH secretion, exerts antiproliferative effects similar to those of acylated ghrelin (21) .
A separate comment is deserved for the simultaneous presence of GHS-R and ghrelin mRNA in nearly half of the pancreatic endocrine tumors. The ghrelin production reported in some endocrine tumors of the pancreas may represent an in vivo experimental model to further understanding of pancreatic activities of ghrelin, of synthetic GHS, and of their analogs, including the antagonist D-Lys 3 -GHRP6 (1). Knowledge about the target organs is mandatory, and the identification of binding sites for ghrelin and GH secretagogues was reported in several human and rat peripheral tissues (1, 2, 19, 55) and tumors (20, 21, 43, 45, 56) . In the present study, we identified specific mRNA of GHS-R 1b in half of the tumors examined and of type 1a in a quarter of the tumors. All but 1 endocrine tumor expressing the receptor were also found to express ghrelin at either the protein or the gene level. Unfortunately, because no anti-GHS-R antibody is commercially available, the exact localization of the receptor molecules could not be defined at the cellular level. In addition, we detected ghrelin binding sites in tissue sections of 9 of 14 endocrine tumors by means of an in situ nonradioactive biotinylated-ghrelin binding assay. Curiously, only 6 of the 9 positive cases had detectable GHS-R mRNA as revealed by RT-PCR, suggesting that receptor subtypes other than GHS-R 1a and 1b may exist as effectors of ghrelinmediated signals. It is, however, of great interest that a significant number of pancreatic endocrine tumors, as opposed to normal endocrine pancreatic tissue, coexpress ghrelin and its receptor. Autocrine/paracrine circuits may be active in endocrine pancreatic tumors and may be involved in growth control mechanisms, as demonstrated for ghrelin in other neoplastic models (20, 21) .
In conclusion, we have demonstrated that: 1) ghrelin is produced by pancreatic islet cells, in particular by insulin-producing ␤ cells; 2) a consistent number of endocrine pancreatic tumors focally express ghrelin; and 3) most of these tumors also contain the specific GHS-R mRNA, the only currently known ghrelin receptor.
